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<ll llr•s fl r0ho l mn nipul: ll1nn .... ysl ••n\ '"''"""tlloll uhout contac t hctw<"'ll lhc' lll.tlllf>lll ,,tc " 
ildlld i> IHI il <: f' 11Vill..l l11110 11l 
CCIIIlllllllliC; dti flll 
ln•·n·il lriiH I r.h a rH IC''3 in its lncnl r"'"'l'3l1Vl l y. I 11 0 scn :-;ory architecture C'tt•.c". tl!r : pr!ti•I••Jn nf 
<:<ll tllC'clmq lllP transducc1 nncl ('OlllPIIt r: r hy u ti illq "" array o r pro<:<':>~<n: . t o l1llC'r .11111 
r nrltn :.- r nw drl\fJ hpforp conrrntrrHGHlron. t>mr.e lorqo nrr oys covcnnq a n l~ntirc' inl<l•:l 
ill HI mr-r· llnnr·.rn~ 1or nutumatrc n ·placr·m e rtl or f ill lucl c l e me nts. 
1 . I ho .'< '"'""' pros nnts thn "'~"" ~o f o n n ph;><o o f ro ·.o MCh pno l orm('d a t lhc Jet PrOfHII (.toro l Ahor.ttnry. f:a h lnoroti'l 
lll '• ll llll r o l h ·chnology, !>ponsorP<I by lhP. Nntoonill Ac-rou~ut o cs And S pace Adnuno s trn to o u 1111<1or C'on toi'I C I 
N AS/- 100. 
;:, r.urron t :ulrlrP'i'< ' " Onpilrtment o f Compulcr Sc10ncn, Carnc!J•e-Mollon Unovor5oty, Po t t~hur!Jh, P.1 . t '•~ 13. 
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IN I HOilUC fiON 
\!• r ~ .. ttilr· r:nmplll"r C:'llllroliPcl 111 -l lllplll·llhlll dr'p"ncls IH'i!VIIy upon llll• nv,JII,tlllhly ••f 
l•• •·n·:r- rl . d.t Clf'llt'lirtc·d from rntr·r.t c: ll!lll'; hrotwr t•ll liH' lllilllipulntnr iiiHI it ::; c:llVIIPillll\'111, 
;uHI 11pc111 cnmpu\,1\ 10 11<11 c-lc•mrnt-, lihll rnnvc:rt lhr.-;(' clillll rnln liSC' flll \0111 10 1 lllfClllll·llrc•ll 
I IH' •; •• 11 .(' col touch r ~. ' ' potrntr :rl '><>llrc c of !iliCfl clntn, but CXI'>llllq l <H~trt c· t.C'II'·II Ifl 
I• c lutnluqy ( ,r ll. f cH . h u rt of our lf'CJlllr('lllf'lll<;. furtltcrmore, l ecll llrqw", I nr lllitllll<l 
l1 ;111'-iol11c · ~ r Vlllll r:nmpu\PI -- t r•c: IIIIICJilc "; \11.11 nr<' P<o5t" lltinl to th~ ultrm;rl c : o~r r.cc::.;·~ p( 
111.111 m.rdc • :-o~ • II :>O I y dnVI<:r• .• ; -- lli! Vr• ll ld tun:d qurll' .lowly. 
I""" I C:!.nlulu lll 1.11 triP ~'~"" ',or:, lr.t vc• IH: \ ' 11 lll.Hit• u ,,i11q "" arrily of surfncr- c•t .. c. troclf' •~ con,, 
po~ r,', l \/1' ', llll o; lrillr• COV!' t l'cl Will i d prr::;•;un: :.c n •.itivu C l<.i!>liC nlDIC' II<ll (1\c• l(:,-y IU. l l 11col 
l!tJ . I ' " qr '. cll' ll ~.p ilrrnys were: nnl fPc..~srhlr. with tiJO r.;p m elllocls, not ht•Ci1ll r·" ~·111 . 111 
c•( •:r: lt<HII''i Wl' ll ' llitHI to lllilkn, hul )h~C' .rll: ·• ' rl ';t•pnrntc wire conncc.lr•cf <' .11 ! 11 ~~~C lJ'oH f<' 
In Itt <' ''""',or I'll '' lrotHc•;, lltl' P•lt:k<~ ll •' ol :;<•Jt ·;nr elnc tr onics itself tc·nct. ct to IH· lltr lkv, 
llloiklllll II lr.ll d Ill w .n lll'itl tt .. • l o ii :, II IU~.:; (•1\d of (.1 lllillltpulalnl rurllH'IIll!lll', llrt• 
"'"' lr•••llt ,, 111ily llcJilsfollltc•cl •lltcl llll ll lq•ll ·.<•·cl '''"" d <rla. l cavill~l lillPrinq. tlllt•rptl'\,1\lllll, 
.r11d II 'I.Cl!Jililioll lo IH• o~r.r:r•lll\111 . ll• : cl r•) ·,,.•\1/ lrr•ltL 
ll t·rr· "''' dp •,c riiH• n ll •Jvnt clc ·~; iqn ll1.ol u :,c:~; r.u•>lnm lll!CrociC'clrolliG$ to !I'JPICOIItr• liH •:.t' 
t•rnhl•·rrr•.. Wr n•e cnn ~ truc lntq n hiql1 rc";olutron l<1ctrlc scnsin~1 array by dcs rqniiHJ ,, 
:. t•"ctnl VI ~ d (-lr<:uit thnt performs thrc:e basrc functions: 
1 rmrsrhrc:l1011 -
\, 0111 P II I a\ lOll -
I h f' f'Xpn·•ccl s urf;H:P of tile c11 curt con lilrns se ts of Plectrodc 
pad ~. mur.h hke bonclrn r1 p.-rd r;, tltill mokr clirc•c l cont;1ct w1llt n 
lnyc·r nf pre r.•; lll c '•""';illvc' ela:;trc lltllterinl. The surf,,Gr "''''" ~: 
of till ' · llll(' l olC:\10 11 I'· l'c·y lo tlu• tnlcqralron of ~;c-n •.;or olllfl 
COOliHI\ (' r It t~ltPmp l :, to overcome the pin limitation prohlc·m 
tltilt usuutly hmtls pur<1flcl compu ting in integrated circuits by 
u ·;rng a lwo-dimensrona l array of rnputs. 
C ircuits rn thP ciPvicP form <111 ar uty of computotional {'lcnwnh. 
WI'' ao;;·,or.lnlPd with r-,1c:h o.;f~t o f surface electrodp•;, r ,JC:h 
4'11"1111'11\ pcr fo111t" :•implr~ nniiHIIPliC operations nnd lcoc, rl 
c.onlllllltH<'n tron l11nclion:-; with neiqhbot s, while toqetllcr lil"Y 
form a VPrs<tllll" parnllf' l '1maqc' processor that l'lC'rlr•ttll 5 
drscr~tc two-d11ncns rorwl (2lJ) convolutions. 
'Tit71J"TTJimT"r:t T~'T nr.tl"'T/"'.111C" Ct:'C'C'Tt"\U 
/.d. . ..J 
A VLSI Tactile Sensing APray Computer 
Communic:n I ton - lhr of a di~lrii>Lttt•d shtfl n•wstcr illlows all outputs ft om 111r 
clrvic· e t o IH' commttt lic:.1lccl ovt~r u stnqle wire. 
opr-ril tio n o f tho sl1 ilt tt!qtslur r.ttliSPS the r>nti r c s tat e of tllr: 
sennor to be transmiltr.cl over lhts compact channel. 
<•11r ~.;trnlrqy in ttsinq tn r. ltl r> atro~y d<Jiit i:> tn lrPal them as inlflqP.:o:, nncl tn apply IIH• 
IHOr't'>',illq li'Chlliqur•, t11,1t lldVP PfOVCII lWI'flll ill rlpnlinq With Olht• t 1VI""' of itii\IIJ<"•, 
1\ ntttlliJI•r nf sttr:ll tr. c:lmiquc;, clr:vclopPd hy wnrk!!r: . '" 
t:Oilll'lll<~r vi<: tnn tr-ly Pn COillpUlill'l the ;'[) C:tlllVOillliOil between <lll IIIHI'I'' o1IHI :;r'l :. td 
prp-:-.per: tft"d fPttlure IIHI"ks. Suc:ll t.t convohrlton i~' qtven by: 
N N 
C(x,y) ='L::'L:: l'(x~i-l,y•J-1) M(t,J) 
i= 1 j= 1 
wlwr<' l'(x.v) i :.; ll1 r. vn h1 c> of IHt ! :;st lr l~ 011 a cPII at (x,y), ancl M(t.t) i:• tilt' corn".pnlllilllll 
V<llll!• i11 •'" N x N fillt'llll'l llhl'.k. lo perform \Ius ca lc ulation it is ncc;r·'·"·"'Y to ind•·x Ill•' 
ltilll:>dttc-r>rl clnl<t , fi11cl proclur:t:;, illtd •,IJtn lh'' n·s11lls. S uc:h convoluliow. wt lll <tppt llp11.1h• 
111.,'-;ks p('llltil ttll'ltlirir . .tlton iltHI li•Cit\11111 of itlll'S, f'dqr~.;, unci Other COtllOIIIS illlputl.tlll ltl 
f'r.nnnmic::-t l dc•t,criplton;.; 11f tiH1 nbJr•f.l:. fo11nd itt 1111 mwqe [Davis l!.1l-
1\rt i111pnrtnnl fr cllliiC ol c:nttvolulton i:, tlwt it cnn he pfficicntly impiPIIlC'Illt'<l hy .til .ttt.tV 
<>f pror.r-.~;ot~. f'uch pcrforllliiHI the r,nmc cnlcul.tlion ns e v e ry otiH'r pror.c•:;·,ot i11 lltt· 
.~rr<~v. all o p t'r<t lintJ s imullc111Cowdy, anti cncll o nly rc!luirin~ datn fr0111 II:" ow11 ln<:,tl 
tH•iqilhorltnod of tilL' inwnc. TltL.·rc forc we h<tVC Jtnplcmcntecl an nn<~y ptocPssnr llt.ll 
pr>rfnrrns ?f) c;ortvolulto n between proqrvmlltabiP m<:~sks an('! tacti le imnucs 
\NHJ\ T Wl· DID 
I iq11rr I illll ::, tratc~ lltr. phys1cnl lnyou l of the tactile sensor. An arrny of l'll'c:ttudl''• 1. 
cr>vcn'd lly 11 Rhcet of pre:;~urc ~~en:;iliVI'! coltcltlr:livP rubber . fill s (•l,l~ll<: Jtt.tl!' llill ll ; t:. 
thr. prope rty that defonnnlion cnttst"; it ~; sltect rcsisttvily to cl1<1n~w in n pn·<ltcl,tl>lt' 
f nsl1io11. 1\y pnsntnq a small Les t <.:ttrrrnt from a pnrr of s urfncc rlr.c:trodC'~· tltrotHth IIH · 
m.tiPrlnl, llw mnqnilu<l~> of St lrfncc ptK•ssur(~ can l>e measured locally. 
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Figure 1 . Mochilnical architec ture of touch sensor. A layer of pressure 
~>cn.sitiv<-' rubber Is pl<>cc-d in cont-'Ct with VLSI wafer. The surface of tlw 
wafer is covered with large son:>mg electrodes that are connected to circuitry 
that m akes up an array processor within the wafer. Communication with th<:> 
d ()vicc t akes plAce over a f ew serial lines. 
p,, ., .1\tP f• p oxv or r.n t<~lll ic : : . uiJ :, lt .olr. tt'.<!d (lil ly fo t ltlPChnnicn l ~ upport jl ~!'jc ,-y /t; 1. Itt 
ot tr flp ·o~qn, ltnWPV!' r , i'l ~111 f .tcr· I<1Vf!r nf ttH~ l<tl ;.., plnr.rcl o n n silicon wn f Pt In f ol111 tiH •' .(• 
compt rlinq rlt• m Pnl s tlf ~ cH I ,...II I n intplcnwnt lt <~ nsd llc lion, filterintl. clulil r r. duc ltun. nnd 
:~i l ic ; ntl. IIW< i ~ :: llo\•11 1 Ill rtqttrf:' ? . 
I lfllll f' :\ "; iiOW~ lh f> OVI!ri1 11 ,H r.h il r·r~ l ltl' <' or liH• lnr. lile St' I1 Sillg COIHplllnr. /\11 i liT d Y or Cl'll s 
111:1 1 trntY. dttt; () nnd c;ompttte i'1rr Cd r.h connr.r.tr.cl to th e ir neo rc~ l ll l' i qltltctu; '' '111 l11 " 
'tlobnl con lrol bus . 1 hts qloiJal bt ts , .., driven externa ll y to provtcl<· pownr, \.lo<:k. 
trt <., lruc lto lls, <mel vo ll <.1qc r e f e r ence to the' clements of the a rray. TIH! l nc; ttiP \.C' II :; (• itlwr 
.<:: !• n :::l' pr <"• ~lHC , comput e o r conHntttliCfl t c . Wtlh the whole array pcrforminq in ln c ksl<•p 
tlltd<'t t- X l<'rll cll !; OII lrol . 
I h e rnmp11li1te1 lttlll f; n1r si111plc lwl powerful procc~~sors tllilt po1licipal1! coopc•rn ti vl• ly lo 
implrmrnt I h e nlqnr1lhm s t cqui t cd for t acl1 lc im<tcw sens inH ancl nnnlysit>. I irptrr II s llow : ; 
a blor,k dtnqrCim o f a computinq unit. I ach unit contain s its own set o f t t o n s duc t1on 
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F•guro 2. A) The sh eet r csi:: t ovity of the conduc tive clastic m ilterii"l l i s 
m N \ surPd locally by m e tal c lectrod:-s tha t make contact throu~h cu t s in the 
ovcr~Jiil ss. B) When the m;o~cri al is co1o1prcs:.ud, ca1 bon partic les b ecome more 
d ensel y pncked , d ecr easing rcsi:;tivity . 
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Figu•·e 3 . Clock diagram of array processor. Each tactile cell has a sensing 
part and a computing part. A global control bus provides all cells with power. 
s ynchroniz ation si!Jnals. and instructions. Cells are locally connected to 
nearest neighbors. 
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c• lc•clr('rl"';, <Ill nrwloq t o chqrtal con ver t e r. n l a t c h. a s imple nrithnwtrc loc tr r. 111111 nnd "" 
111'-ilrllt : llon r(• rp ~. t er. I h e nno loq pnrt con verts t11 c v<1riab le r es is tance: of tiH· condll r.l l\11' 
rt1bbcr mlo n 1 - bit digital vDiuc 1hnt corrHsponcls to the prcs~urP n n the cr·l l. .1\n 
f"ollvr r ~; inn I n IH> v., n Pd . lhn r• •·.ult1·, ~.ll•rt'd lnc<J IIy 111 «latch. il llCI c.1n. 1111dPI ,...'< t t•ln.tl 
1•1nqr.nn contro l. h e m <Hic nvn ii,Iblr· to <•ny or th e four nc<•rcs t IH'IqhiHH"!;. IIH• ldlclu•d 
do\<1 r t~n 0lr,o ll r multiplied 11v t1 lllllllill) l" oi1 l illn f'cl fro m th e qlobn l c:onll't>l 1>11: •• wr tll lilt' 
rr"!-;ult ,.,ccumuln l <' rl 111 a (i- IJit r1 :qr:.t(·r u~mq t wo';, comp le m e nt Dn lhm c> ll r.. 'I IH~ ccJJrt r- nt·. 
uf t11r s n-l11t occumulator con b e s iHflt!d il ncl rotate d in various ways. 
NEIGHBOR N 
1 BIT 
LATCH 
r-------------~~--------------------------.NEIGHBORE 
4> 1 ~2 
NEIGHBORS 
•GLOBAL SIGNALS 
Figure 4 . Block dragram of computrng clement . 
lll r lll r. \111 c tio n 1 r ni--tcr contr o l:, .rll opcrntions o f til e computin(] e l r nw111. lllP niqlrt hit:. 
o f tile ill '> lruc tlnn a rc transmi l ll~<l !'iC'rwlly over cl :;; in ~tle u lobal in:- trut:IIOil linn to till• 
lf l'; tru c lro n rPq l~ lc r o f each Ge ll 111 lire orray . r 1qht ins truction linP.s, onr lnr c•Hc:lr h1l in 
1110 1n~ t1w : IH>11 rPqi ::; ter , contr o l lllc variou::; part s o f the computing unit. /\ppcncli x 1\ 11 : -l~ 
tl1 o f tJn c t ions o f til e ins truc: lion lines and {lives U1e mnemonics a 11<1 codir1~1 f or till' 
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lllr cnmpuliiHI rc t:ources just <k">•:rih t• cl allow the cell to sampln thC' loc;tl prer:',ur<·. t n 
~ torP liH~ vohiP, to pa~s data to IICillhhurinq ce ll s. and to perform c:omputnt1on·• on lilt• 
datil that implemPnt n ?D convolution wil11 pro{lrammablc mask. A sintpln s lip dr>lt•t:li<>n 
nlqorithm i:; also <"'ll:>ily irnplcmnntcd u s inq these compulationol nhilit•Ps. l >-..nmplr 
proqr:1m .-; u~ in9 thC' instruction se t of Appendix A to do convolution ancl slip dPtf•t:llon iliP 
qivcn in Appendix B. 
EXTENSIONS TO LARGE ARR/\ YS 
2 fhn lllli111·1tf' tnrq c t of this prn}E' c l 1s to COIISt luct a ~0 by 60 mm. nrrny of 1 111111 t.\ c l•lr-
P ic>mcnl :o. 1 his involves .:1 very lilr[IC arcil of active s ilicon comparr>cl to convl'nl inll <tl 
riC! :<> ICIII~ . flnrl thnrcfor<"' a muc h lnr'lcr n :>k o f fabricatinq defec tive c1 rcuit ry. NlllllHIIIy, 
int0qratrd c irc uits arr nlilllUfa c turc d by builclinq an array of idcnticn l c tr r:t llt s o n .1 Silicon 
wnfu r wllich is s ubscquc11tly diced into " c hips " that arc packaqed and w:ccl snpn rnl!•ly. 
Sincn Pflr.ll c llip ~ ~ u sed sepArnt Piy. df•focliv t~ c l1ips can be discarded 011 nn inclividunl 
h<~s•s in a s traiqhtforwf!rcl mo~llll fH . lhf' overall y1cld can be kept Jll(tll d espite the 
prr::;r.ncr. of rlr.fr.c:livn circuitry on ll1c wnfur. 
u~. inq t o ri<Jy' s fnbricot•on tc c hnlqu~>s, a fair number of defects mus t h e C!XJHH~t I'd 011 n 
rlcv1cr tllnt is 1 1100 mm2. I h e JHC'srnt sc l1 crnP, however. requires thnt n il t«etilr. ~cnsi11q 
r.lt)llll"llls function correctly for the comple te tactile sensor to opnrntr l)lfPr.livl'ly. 
11le rPfnrf•. •nPas ures must l>e tdkl'll to eliminate t11e effects of tii <"'SP. <i n f ec t s. Our 
riP ·~ iqns prnvirle a s pare computmg element lor e ach tactile sen s inn element -- all 
srn::;inrt nncl r.omputinq circuit:; are rrplicat c cl wil11in the tactile ce ll (f iqme ~). 1\ 
~.c~ lrr.tm circuit r.hooses betwPcn the p;Jir of rechmclant computin~r element::;. 
We hnvn d esiqnocl a very simple 12 trans is tor s£>1cctor that replaces fl I<Hic! <l compulinq 
Plcrncnt with tls backup spare. It is vitally Important that this selector clement IH~ 
s imple, s ince no backup is provicl e d for tile se lector 1tself. Makiny it s imple rech1ccs it ::; 
aren ;~mi. therefore. the rrobllbilily of it having a fabricotion defect. 
l hr. sPir c tor is just a I<~ tell thn t chonqcs s til te whenever its two inputs . ho til si~nwls 
from the prirnnry compulinq clement, arc not the same during the selector's ::;trob0. pillS(' . 
One input is the transducer output. The other is the computing clement's outp11t line. /\11 
~ect1ons of the pnmary computlnq clement can be checked for proper opcro lion hy 
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me~nipltiAlinq ll1 e nnalnq reference vollilqo and performing approprinle compulnl iolls . If" 
r oihrre ~ ~ detected. tile ~econ<IAr y compu linq element is se lected. In this des i ~Jn, 
~nlr. c llon takP.s place simult (l neotts ly anrl a utomatically for every taclilo r.f•ll when liH' 
t r.s t pronrnm is executed hy th11 nrrny. No human intervention o.- hand tP. Still £1 i s 
requircd. 
G 
B 
LOBAL 
us 
r--- DIGITAL PROCESSOR 
r------., 
r--- SENSOR: DATA OUT 
! 
r---
r-- SELECTOR 
r--
~t 1 
-
I DATA 
SENSOR i OUT 
__ ___ ...J 
!.........-. DIGITAL 
PROCESSOR 
SPARE 
PRIMARY 
DATA TO 
NEIGHBORS 
Figu• e 5. Block diagram of tactile cell with redundancy. Two computing 
elf'tn<'nt s ar<' found within each cc-11. A St'lcctor enables tho backup clement 
when the prim;ory fail:; a prog~mnmcd funct ion test. 
Using a Poisson mode l of defect distribution we can estimate the yield of tile arrny 
sonsor . l h1s modo,1l assum<'s tile equal probability or a clefect at any point. ror o circuit 
with 1111 r echmdancy, a clefec\ onywllere wi\11i11 its area will cause it to foil. I he 
probability P that a tacti le computin!J element works is then: 
where A is the area of the circuit and D is the defect density of the fabrication process. 
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l-or an a rray w1tll N tac til e c le me nts til e a rr ay y i e ld will b e: 
-AO N 
= P. 
If cnch t nr.t il r. cell contains clltplic;de compulinq r> IPments n nd n sclec t 01 tl tn prol>cllllli l y 
I ' R thn t il n y one t nc til e ce ll is qoo<l becomes: 
P1, = P - P ( 1- P)
2 
+ (1 -P .)P 
' s s s 
wiH"-' t P Psis lllP prnl •.,l>l lity a seiPc:lot is ~Jno<l. IIPre we lwvc ••s~t ttn l'd lll.1l " lnll•·<l 
sP. Ic·c tnr c l1oosns o n n or tile ntlll'r nf lltP. r.omputinq c lements 1t co11 tro l ~. t allt•• t l lto~t1 
r: lloosin q neitltcr or both. 1\ l::;o, til•' rcli<tbtlily or th e qloba l data bus is not cc•ll"tdc·•~~~~­
IIH' y ield o f il ll <Hr ny nr N t nclilr> ce ll ~;. en ell with o n e backup computinq l!ll'tllPIIl i ~ llll ' ll : 
Y i e ld = p N A 
1-iuure () plot s expE>r.led yrcld ;1<; a fun c tion of Array size wi th defect dt' t•s rl v <l l 
O.Of)/mn•2 . ::.c>lr>ctnr nr<>a of O.Oilf> nun2 , ar1cl computin£1 e l e me nt area of 0.00 mm2 for llntll 
t nchrndnnt i"lnd non-r edund <~ nt cP.IIs. It can h e seen from th r.se plots tllnt arro~v~ 
cont i"l inmq 1000 c l e me nts a r e ar.htPvnb lc. 
100 
....... 
' 80 
' 
' 60 '\ 
YIELD \ 
(%) 
40 \ 
\ 
20 \ 
'\ 
0 
' , 10 100 1000 10,000 
NUMBER OF CELLS 
Figure 6. The expected yield of a tactile sensing array is calculated u sing a 
Poisson model of defect distribution. It is plotted here as a function of N . t he 
number of cells in the array . The dotted curve is the yield with no redundancy. 
The solid curve Is the yield with one spare computing element per cell as 
describt"d In text. Defect d en stty is 0 .05/mm2 , selector area is 0 .045mm~ and 
computing element area is 0 .9mm2 • 
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1 iquro 1 i <; a floorplarr a nd plrotouraph o f a c hip Ural impleme nts a 1 x;..> l<~ c lil c ~.c11srnq 
' '" nv c:nrnput <'l. In order to :.;ro(' liH~ oc ti VC' c irc uitry th e pressure sPn~oiliv•· mnlPrin l i~ 
11nl fii P'.PIIl in l111 :> plro toqra l'h. fire- r:h rp mclt~cl•·s two t ac lll o ce ll ~. I'<H:h nl wl11r.l1 II••~; 
lv1u c:nr11p 11 t inq PIPIIIE'Il1~ <• ll cl d sc·lc•ctor . Bonrlmq w ir('S ar c a ti AGitPd tn co~tvr• rrlr ~•ll<~l 
il11'll l /olllpr rt p:HI<; n lo nq lhn l op nrHIIJollorn. lhr!,P il l e u sed to t es t this c•,rrly prototvt'<'. 
Ill!' l <~ rc w mrtnl nrr;rs in li H' crnt rr o f f'<lc h t nc: lii C' c:c ll arc thc SP.Il!'; ill ~ l •· l••r.lrndt':.;, ll r•• 
·.r /r nf llrh c hip ih About ? 111111 x 3 111111 . 
II II '-' frr •. t prototype wac; f abncatcd a:> part of Mf'C!'>-80. the Mlllti-l' rnwct \htp rf furl 
• onrd ill ;1\ro <l b y 1111~ Xr! rox Pain 1\ ll u H•·se<1rc: l1 center f Conway 8 1 J. 1\ ~lx:l nrr.,y w.r--: 
f ,, lni r.a l ro d n::; fl i1r t n r MOS t ~. rr r.r mil.rr ~ervrcc coordinated by lSI Ll.nltt'll 1~ 1 1. J:otlr 
VPr~ ioll -, il l £' n M<1S wilh lnmbrl.t f'CJtloJI to ::>.5 micron. Tab le ! JiVe!; th e IIH'd!atrl'd 
p1·1 fortn i11lcr of I h e> :lx3 t nr.l tl r .<;C! I1 '• ttrq 01rr,1y. 
Prc5surc Sensitivity 
Clocl~ Ht1lc 
ln:-:truc tion Time 
6 Uil /\d<.l (fllluilip ly) 
3x2 ComtOiution 
PmNcr llc:quir c mcnts 
SO ~)r ams 
3 Mll7 
3 ~~·CC 
1 8 ~~cc 
1 tlO ~t;"r 
!::> V 
1 0 mA/Ccll 
T AOLC 1. PEilFORMANCE Of- TACTILE SENSING CHIP 
PI\Onl r MS ANI) PLANS 
/\11 llnportnnt p rohl<'rn wi th 0 111 prc~'~PI1t 111\.'.0~ tmpl e mc ntnlion is thr r.xc•·:.·; tVt' IH l VVl' l 
1 Pf\\111 \.' 11\C' \\t f o r r:rr c uil t; w it11 l.rrqc fiG live n rc,,~.. r o r S lll cl ll nrrny:~. t11r c 11r ''' "' uf 10 
m/\/r:PII r• ; r~"'a sorH•blc, but n il 1 ~00 clc! tll c nt <11 rny, our ori!;JIIHll l arqct, WOIIIcl rcquir (' I p, 
amp s. Wo ''rc d P:o: ionllttt n n ew vurs ro11 of liH! tactile sensor m C M OS. I IIi ~. r nbric .r ltolt 
t .. r:luroloqy i·, PXP ~~c: t n cl to become vvaii<Jble to u s soon lhro uqh the l SI tnrpiPmC'Iltn l ion 
~.y·. lrrn . 1\ CMO:~ d r<; iqn s lloulcl CJI" C< Iily rf' licvc llw powe r s upply ancl clissip;1ttOit problc·m~; 
tlliH": r P ill i n liMOS. 
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TAXEL 1 TAXEL 2 
r---------------------~-- - - --I COMMON ELECTRODE I I COMMON ELECTRODE I 
SPARE 
PROCESSOR 
SPARE 
PROCESSOR 
GLOBAL 
CONTROL 
AND I SELECTOR II SENSING ELECTRODE I POWER 
eua 
GLOBAL 
CONTROL 
AND I SELECTOR II SENSING ELECTRODE I POWER 
BUS 
PRIMARY PRIMARY 
PROCESSOR PROCESSOR 
I COMMON ELECTRODE COMMON ELECTRODE I J 
--
-
I I 
l. ----- -- - -- - -
:.J _______ _ 
Figura 7 . Floorplan and photograph of a tactile sensing chip produced by 
MPCS-80. 
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~ ·· ·v••rcd \litll•llton<; em liH• h<~ :; t c l r<111~.duc\ton sc: ltcmc nrc bcm~t con:;idr't Pd f or fllll•rt' 
1111f'lt ' IIIP I11 : tlllll1. O tH • of IIH· s r· ll :, r·:; " lr~yr>r of tllP fabricnlioll proc<':>:; cl:'i " pi t•,•orl·~; i •.ltVl' 
lr<lll '; till• ' ' ' 1 ht <; J,,ypr r:mlld iln " r. w >l o m J,, ycr <Hided <1flcr liH' r. 11 • :uil ltd '> IH'<'II 
f,•hr rr:., tr.d cnnvrnli<llt.'1lly. 
t •rt"•'"" r· ··" ll ~.t lilff· clr~mcnl. ' .ttiC:r. il l y pi r. dly r·xlt ihtt :; n s liqltl pir- 7or c~. i 0 li v<· 1•f ff' c l . l ith 
1 t'< "''"I"'' r•• u ·;c· d in •.nmc pt c~;:;urr tr,;w,ch tcrr:, available commct c tally. /\noli1rr pcv .;. tl>l c· 
IH~'IIHHI pf d e \ C'c llllfl prr-~;<;un· ,., to u ~•t! " l<~yc r of malennl tlwt cll<IIHil~!; it!; opllcnl 
prop< • tlt r>~ w illl prc s~; uru. lit o c trcuilry l;elow mus l llt e n detect lllc op lt r.<d dtfft • t r n cr.. 
li1P ndvn iii <IIJ" o f tlti ·. \P t: llllll\lll' h lll·ll tl allows <1 grentcr is ol<ttion of the inll ' (lr.llctl 
c: it•: llil• v !tom thn phy·.; •ca l and r:IH'! nHc. d ri ,'11Htots of the e nviro nm e nt. 
W•· nl·.o hnpr: I n develo p oth<'l 1111 :\1 1od~ of'""" tolc t ilncc. The mfo rm<t\IOII r:onlt!lll nf <~11 
1111·1(1( • i •. d C' qrc~dr • rl o nly Gltctllli 'l l>y til<' l o;,~. of UIHJ PIXel. In till' l aclilt~ :~ tHJ:; inq ,11·1,,Y if 
(lilt ' (""f-Ill'·· n il lhr (1.9\Cl !rom •>lltr ~ r cell•. ll >.,lllr(' to be s hifted lllrnuqll lllr. bflcl \.('11 clll ' 
ic> ·d . llw.; t <•..,ull s i11 <Ill im <1q~1 wtlh il r> lfiiH~ clefr.ct. We ate clcvc~lopiiHl i1 mnrc c:<HIIph·x 
·;J•IfiiiHI piill£~111 llli•l t•Htlt•s <'<•Cil l-<!11'~· infutlllttlton lowc1 rd lll e ed~tc of liH• orr<~y tllrouqh 
""'"""" p;o\hwDy~.. ll11s 1111 \N dr• s ion rt•<ptire s llle /\UJ within Pacll cnll lo r rc:on.-; trlto : l 
c•Hr•·c l v .lltll"' pf•riorlir.roll y i11 ll1< ' :• llif\111(1 p.1llc•111 by computinn lllf' m;tjo11ly flnH:lioll of 
tllr v.tht••c:; llwl arrivr 11V<'r <ltf f c rr•nl p;1lh:.;. Simu lations show th.tl litis tur-II JOd of 
r< ·rh i!Hiilt>\ c:omllllllllc:nlion qivr-s nn nrray ;) 40 folcl increase in immunity to s \npc ciPff'c\.r.; . 
c omh111111q lrnw•clll c: lrnn wtlh r.lr-clrontc r.ircuitry 111 on lntimntc way qives 1 i:;e to n :;c•l o f 
l'rn l>i f' lll '· 11111qu• : t o llu r; nppltcn tinn of Vl ~1. l h P lranscluccr must I> C' 111 c:nnlnr.t with lll<~ 
•·nvllnlllll""' it i ·. :;r• 11 ·; tnq, 111 llti !> '~"~·':, the qnppi11q s urface of il rollo l' s lwncl . IIH' 
<· l• •r: ltotlll : ·.;. w l11t : l1 in 11111 '; 1 iiPPirc.ll ton:. nrn pro\ ~c~c l ecl from lhe e n vtrn11111PII l by <• <>lurdy 
· (·,·tl l' rl p ;H· I' .tct•' , 1:; IIOVJ "" inl c qt•li p01l o f til e trilns <luccr. The si li con s lliJ;, \iillt• lllll <. l IH' 
:•Il l ,.. In willl'· l ,,nrl nny f q r cr- tltill lhr t ohnt't; ll.tr1<1 IS cx pcct c cl to CIICOIIIII <•r :• nrl to rc• ·, j-,t 
""V cllf'll\lr.,\1 C(llll,.llnill.llton dtffu•.rnq tltrmrqll IIH' pressure s ensitive> Pl<t•,lrc ~OVI'ri!Ht . 111 
i!rldtllon. ll<'ilt ',1111-'inq 11Ht > l h (• provtrl c cl In ll tr: :>ul>slratc t o r cmovc the llc<~l proclltC:<:cl hy 
·.ur:lt •• l<tr<l" <H r!a ot <:~clive r.trcllll r y. rurtl;c r testing will s llow h ow criticu l tlH ·~;c' 
pnr:k"fl""l prohlr>lll'; <Hl' to prndll r: IIICJ fl prc~ cl tca l. use ful tnctile s ensor. 
:,r, f.11 w<· IH• vc· not IIHllollqhly clli'H.t c: ll•ri zod the sP.n sor' s nnaloq rcspon sl' to rotcc><; ""d 
dt '. lrll \I"""· I ili ~. IIIII ', I I1P. donf! . Tltn sn vc•rnl rlifferenl types c> f nvi11101hlr pt <'!.c; llr c 
'·'' ll ".r ll\t<' r•Jnr. ti r. lllnlotwl::; wtll I1C' l t':.tcd with n s pecial c lcctrocle c.l11p - - nnn tllnt ''"'' 
'· I X rlit '"' Pn l oiPct roclc: <tCOIIIelric~·; . !;emilttvity, ranqo, ancl locali7a lion <H l' th e• vurinlllr· ~ 
11f llll<'r<' 'il. 
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SUMM/\HY 
( nlllhtninq ltnn:-; dur. tinn witl1 CtHilJlllllllinll irl tiH' :,a nH-! ciPvi c:n is 011 f'ftr• c iiV t• Wo \ V to,,.,. 
th r powrr n l VI S l tc·c:ilnnloqv. ,,ncl to ov0rc:nm0 the trnclitint tnl sc•ll'dll'f ptcolllt ·n 1· : rd 
11\lerc:ontH~c tion, c:omrnunicnltnn nncl conltHtlntiOtl. lll c lwo-dinH ' II :> io ll .rl tlorllll< ' nl l loo · 
llll<'ctl ntr·d rtrcuit nir:cly m utr:IIC':: the ~,urlur:0. n.rt11rc ol the• ta r: I tiP sr' ti' •IIHI p1nlllr·111 o111d 
tlin oiiC'IIIlDt~llll'f"! Of illrily proC<'S'>OI S. liH• GOilVCJill liOil Oiqontillll liS C'rl to I< ' IIIH' rdVI 1111 ·1111' 
d<tld o•xp lnt(S tile full COI1Cllll't>I1CY nf clll illl'i\Y lliOC:CSSOr to i\CfliPVt' 1111111 1'1 ' 1 (lllll l olll<, ••. 
W.1fr1 .-:: c:;1IC' IIII P<II'il lin n i:-. 111'\.e·:·,,"Y ln ilulicl workiiHI nrrnys or U'H' ful ' ·1/l', .tiHI f ottlll 
lolal.tlll t rc i1111CJII P~, <HR n pcro:;:;o~ry fo itCI1iC'VC W<JICr scn lc inteqrution. I hr•sc~ tcll•;os l~oi Vt' 
b een hrouqilt tcHJP.ther to s tnrt a ne-w qcnc~ r <dion of tactile• sen~ors lor roloots . 
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{\J•p<:n<li x 1\ 
ll11• r·tqltl hll·, cd lilr• 111!-il ttll: liotl W11 1d cotll rol cltffr:r<,ill p a rts Of \1\(• c.<•ll c\l ld t:dll 1•1' 
11 I ,1(, It ll tj• lll ';l'lc•c:l 0 
I< I nl•·ll ll l lllll •.;•·l••r l 
I, I ~t\ r:l1 ·dul t/·. l nt t• 
1,
1 
1\•:•: llllllll;dor M:>B :<,t•IP c:; \ 
1,, 1\c <:urnll l .tlnr c.lcnr 
1
1
, Mtlitlf>ltt•r v. lill '! 
1 t•. t r•d h••low cll l' ~-;omr u ~.C'fu iH l'; ltu cl tons and lilctr mncmontcs. 
II I r' 1.1 I ll l r, lr; 17 IH (x =don't C<~rr) 
( I I ,,, • ... ')( (I '( X 0 ( lp,lr i i C:Clllll lliii\Or o'illd carry latch 
C' l 1 ~/\ X X () X X (l () C lr.tr IIC.'C:tllntlid tn t n11ly 
c I He y y () :< () Y. 1 () 1 lr•,lf < "" y I. >I <:It 1!111'1 
:,111 I ;, .v.. {) > (I () S ili fl illl lntril "'""'"· rutP cc II • • •11\lt 
:;111 liN () < () .~ (1 {} 
. " /\II' u Y, () () '>lolf' IIH• v,olw ltnm the \1/d c·onvr.r\C' r 111 t11 c lnlc il 
1\1 )llfd 1 
'· 
~ () () () () Mlll\tply l il l r.h VilhH• l•y iliH I <Hi d to ilCCllllHtlil\01 l SB 
/\Ill Hvit l y v 11 r) (l () () M•rlliply l<~lt.ll """"' l>y 0 nncl .Hicl lo accumulntor I S ll 
1 :, , r 1\ 1 (I () () X (J l :cll. ll r• I ll'• o~cc tlllltilnl()r ll1rowtlt til e Intel! 
I I ( .11/\ 
" 
... () () X () MnvP I hP v .. It II' 111 IIH• I,A l1~ il 111 to t11c accumulnlor M$11 
NOI I ' (I X () X 0 0 NO CIPCt<J\1011 
In lllltlltply llw v.cluc 111 111c l o t c h IJy a mask value 5 and add the tf)SUII t o tlw :-. ix hit 
<H:r;urnulnl o r rr~ quir ('S I ht s ~.cqucnc<'. 
1\IH>M 1 
/\Ill Hv'iO 
/\DUM 1 
/\DI>MO 
/\DDMO 
/\DI>MO 
~> = 0001 0 1 ( l>innry) 
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Appendix B 
On~; p ns:-;ihlc nw·,k fn1 d r. lec:tinq vrrtic;tl Pdqc·~ is s hown in tiH~ PXollnp l t• IH•Inv1. ll11· 
pre:.:' '"' ' <1 .1 ta ~. lmw that an oi>)C'<.l w1tll a rl:ct.liHJtlla r c orner is prr.~:> IIHJ on tlw lc•w,•r lr·ft 
1'<11 t ol n () x 0 nrrny of r.r·lls. lllr! r c:-o~tlls of the convolu tion .:He ,\l , v.tluc·~ •• niH' 
comput <·d l>y C'nclt cell, a s ~> llown on t11 c riqlll. fhC' 11011-zc ro values in<li<:<tl<' " vc:r t 11:. t1 
l'•dflP 
Pre:. s ure Mas k A Iter rille nn{l 
0 0 0 0 0 0 0 0 0 0 0 (l 
0 () 0 0 0 () 0 0 0 () 0 () 
() () 0 0 0 0 ~ -5 0 0 0 0 0 0 
0 0 0 5 -~ ::.) 0 0 !> 0 0 0 
0 0 0 ~ -5 0 0 10 0 0 0 
0 0 0 0 0 1 5 0 0 0 
0 0 0 0 0 15 0 0 0 
rinure B 1. fxample of r.cl~te cletectton u sing convolution. 
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I i·~ tr.d bdow i~ u proqrum w rill f!n us mq tl1e mnemonics of Appendix A to perform the cd~1 e 
dC'tt' r. t1n n r·nnvoll1lio n nf I irt111·r• 111. 
IN:, IIHir. I IC>N 
< I I 1\n 
:' If'. I)( 
/\ 111 JM 1 
J\1 ll Jl\.10 
t\111•1\1 I 
/\l'llf1!1 
1\1 II 1M() 
/\Ill lfv1(} 
( [I;! 
:;IIIIW 
/\IJIH\1 1 
/\11 I 1 r.1 I 
{, I ll HVI() 
A I 1 r 11\11 1 
/\1 Jl ll\1 1 
1\llllM I 
1 I Ht 
; .Ill I ·'• 
fll Jl 11\11 I 
1\lJ I HJll 
1\IHlMO 
COMMI N I:-; 
N• n 1 : 1/\fr: orr: t":r. ll ( t. 1) 
Gr.t plr",';clrP cl.do~ P(1,1) 
11/1(1,1) :... r, 
Cir.t nclqlll1ur'•; data r>(?,l) 
M(:>. 1) = -[J 
tol'l llCI•Jill•or' f, cl.1l.:J P(?.:') 
M(;' ,;>) = -[) 
i11HI fiO Oil f<or n lot ;1 1 n f IJU lllGtructiOI1S 
I 1!11110. H::> . PrnqroJill l r• pr ·rfonn :lx;> convolution. 
''"''ll1r·r Cflllll• llt <~lrnn lll ; tl lll .tV pro\/t• w.r·l11l h IIH· d!'lerrnin <:Jtlon of cll .tllq<• in pn• ::'< lllt ' 
!11•111 <·H er• murnPn t to till'' next. I hi <> Cilll indrc;atn :> lip or be one step in" clrll,l c:nmpr r-~.·.inll 
'. c IH' Ill('. 
ltrr w lion: 
Inch cell r.a n detect a cll.liHJe o f pressure by cornpulinq the inr.qurdity 
~.; = { o . for r(1 1) ::.: P(T 2 ) 
for P(T 1 ) -t P(T 2 ) 
W ilt' !'(' P( ,, ) i :; tiH• pn ~s.surc 011 lll r! !;ell al lrme r, illlCI P('l2) is the pr c~>f>li i' C on lilt ' t:l' ll il l 
<1 Iii l c·r liiH«' I 2 . I or s rnqlt• llll pr c:·<aJru Villucs. the functionS can be computed by ncldrnq 
f'( I 1) In f'( f 2 ). 1 he IC!uS l ::.iqnificanl h it of the result is S. The progrnm Ir s t ed in 1-Jqllr<' 
B~~ llllP '"m 0.nt s this n lqnrithm. 
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IN~ TRUCTION 
(..1 [flfl 
~.; I AIJ C 
/\DDM1 
APDMO 
fll)f)MO 
1\DDMO 
/\111JMO 
1\DDMO 
ST/\11\ 
/\I JI)M 1 
1\0nMO 
/\IHJMO 
/\DDMO 
AlJUMO 
ALH>MO 
nOT/\T 
COMMENIS 
Get prP.ssure cia ta 
Put it in accumulntor I Sl3 
(Multiply by 1) 
Got new prossurP cl<ll<l 
fidel rt to accumululor 
I SA is 1 if slip occurrccJ bntwccn samples 
Figure 83. Prooram lo calculate slip. 
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